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Social interactions have a significant impact on health in humans and animal
models. Social isolation initiates a cascade of stress-related physiological
disorders and stands as a significant risk factor for a wide spectrum of morbidity
and mortality. Indeed, social isolation stress (SIS) is indicative of cognitive decline
and risk to neurodegenerative conditions, including Alzheimer's disease (AD). This
study aimed to evaluate the impact of chronic, long-term SIS on the propensity
to develop hallmarks of AD in young degus (Octodon degus), a long-lived
animal model that mimics sporadic AD naturally. We examined inflammatory
factors, bioenergetic status, reactive oxygen species (ROS), oxidative stress,
antioxidants, abnormal proteins, tau protein, and amyloid-f (Ap) levels in the
hippocampus of female and male degus that were socially isolated from post-
natal and post-weaning until adulthood. Additionally, we explored the effect of
re-socialization following chronic isolation on these protein profiles. Our results
showed that SIS promotes a pro-inflammatory scenario more severe in males, a
response that was partially mitigated by a period of re-socialization. In addition,
ATP levels, ROS, and markers of oxidative stress are severely affected in female
degus, where a period of re-socialization fails to restore them as it does in males.
In females, these effects might be linked to antioxidant enzymes like catalase,
which experience a decline across all SIS treatments without recovery during
re-socialization. Although in males, a previous enzyme in antioxidant pathway
diminishes in all treatments, catalase rebounds during re-socialization. Notably,
males have less mature neurons after chronic isolation, whereas phosphorylated
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tau and all detectable forms of Af increased in both sexes, persisting even post re-
socialization. Collectively, these findings suggest that long-term SIS may render
males more susceptible to inflammatory states, while females are predisposed
to oxidative states. In both scenarios, the accumulation of tau and A proteins
increase the individual susceptibility to early-onset neurodegenerative conditions

such as AD.
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oxidative stress

1. Introduction

The lifespan of any organism is finite. The biological aging process
is characterized by the slow deterioration of functional processes, the
increase in mutation-driven diseases, and a long list of dysfunctional
mental and cognitive abilities. The subjective experience of aging
could be perceived as a waterfall of symptoms that have no clear
beginning, but rather a summation of detrimental physical and
cognitive features. Dementia and its most common form, Alzheimer’s
disease (AD), is caused by a complex interaction between genetic,
lifestyle, environmental, and epigenetic factors (Scheltens et al., 2016;
Scheiblich et al., 2020; Wang et al., 2021). Collectively, these factors
are recently referred to as allostatic load (Armstrong, 2019). Despite
decades of research, the population is still far from being aware of the
risk aspects of cognitive deterioration. Furthermore, despite
technological advances in diagnosis, most technical probes fail to
detect early symptomatic stages.

Across the etiology of AD, only a minority of cases, particularly
early-onset forms, appear to be primarily genetic, while interactions
between genetic and environmental factors appear to be causative in
the remaining forms (Coppede et al., 2006; Dunn et al., 2019). In this
context, a lifestyle of prolonged stress has serious, long-lasting negative
effects on brain function and behavior, and may also modify and
trigger disease susceptibility (Gubert et al., 2020). There are several
types of stress with different biological effects: environmental stress
(e.g., toxicants/pollutants, climatic extremes, noise), physical stress
(e.g., malnutrition, sleep deprivation, strenuous exercise), and
psychological stress (e.g., social isolation, chronic anxiety, fear,
excessive cognitive demands) (Karl et al., 2018; Gubert et al., 2020;
Wang et al., 2021). The activation of the hypothalamic-pituitary axis
(HPA axis) by chronic or uncontrolled exposure to environmental
stressors leads to negative physical and mental consequences (Lupien
et al., 2009) and also can modulate the pathogenesis of a variety of
neurological or neurodegenerative diseases (Gubert et al., 2020).
Exposure to stress can trigger and accelerate the cellular, molecular,
and behavioral hallmarks of AD (Caruso et al., 2018; Gubert et al.,
2020). Consistently, patients affected by AD showed an increase in
cortisol levels (Peskind et al., 2001; Curto et al., 2017), while under
persistent stress stimuli, they can release pro-inflammatory cytokines
in the nervous system, which can lead to neuronal dysfunction and
even death (Ricci et al., 2012). Among the common mechanisms
proposed between stress and AD are the altered expression and
function of amyloid-p, tau hyperphosphorylation and aggregation, as
well as neuroinflammation (Carroll et al., 2011; Gubert et al., 2020).
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Additionally, evidence shows that and/or
corticotropin-releasing hormone (CRH) acting as mediators could
contribute to the pathology (Green et al., 2006; Carroll et al., 2011;
Futch et al., 2017).

Recently, social isolation and the stress caused by being in

glucocorticoids

isolation emerged as a relevant risk factor for a range of negative
mental health outcomes. Social isolation can lead to substantial stress,
which in turn can have detrimental effects on both the body and the
brain (Shafighi et al, 2023). In response, the brain may release
glucocorticoids, leading to a potential impact on neuronal
communication and survival (Green et al., 2006; Ouanes and Popp,
2019; Dromard et al., 2022). Additionally, social isolation can induce
changes in the structure and function of the brain, resulting in a
reduction in the number and complexity of dendrites (Silva-Gomez
et al., 2003; Xiong et al., 2023). This, in turn, can impair neuronal
communication, leading to detrimental effects on cognitive and
emotional functioning (Kline and Mega, 2020) and ultimately
contributing to the development of symptoms associated with
depression and anxiety, both of which are commonly experienced by
socially isolated individuals (Kline and Mega, 2020; Muntsant and
Giménez-Llort, 2022).

A promising animal model for the study of the effects of prolonged
social isolation is the degu (Octodon degus). Previous studies
conducted in degus using physiological, behavioral, and
electrophysiological approaches, indicated that long-term social
isolation stress alters the HPA axis negative feedback loop, affects
cognitive performance, the social novelty preference, and increases
anxiety like-behavior (Rivera et al., 2020, 2021). Additionally, changes
in the expression profile of certain proteins have been observed in a
sex-specific manner, indicating both transient and permanent effects
depending on the duration of stress exposure (Rivera et al., 2020,
2021). Not only female and male degus show differences in spatial
memory acquisition but also experience social stress differently. Early
separation of females from littermates had a significant impact on
social recognition memory compared to males, indicating that females
may be more susceptible to social isolation stress (Rivera et al., 2021).
However, at the level of synaptic plasticity, there was no effect of social
stress on females, but there was a pronounced effect on males,
suggesting that males are more vulnerable (Rivera et al, 2020).
Therefore, social isolation stress affected the cognitive performance of
the male degus, while the affective and social memory is more affected
in the female degus. These findings suggest that prolonged social
isolation would raise susceptibility to early-onset neurological and
neurodegenerative disease. However, to date, there has been no study
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that has evaluated whether long-term chronic stress is capable of
accelerating the neurodegenerative process in this long-lived animal
model. These studies would be of great importance if the interaction
with gender could potentially explain why the incidence of dementia
is higher in women than in men (Prince et al., 2012; Ardekani et al,
2016; Albert and Newhouse, 2019; Shafighi et al., 2023).

Furthermore, degus are also widely regarded as a natural model
of aging, exhibiting several features associated with dementia and AD
(Tarragon et al., 2013). Degus display a significantly high number of
AD-like characteristics, including a form of amyloid-p that closely
resembles the human peptide sequence, differing by only one amino
acid from the rodent form (Inestrosa et al., 2005; Hurley et al., 2018).
This amyloid-p form generates deposits or plaques, and together with
tau phosphorylation, represents the two primary AD-like features
found in degus, similar to humans. Also, during the aging process,
degus reported the accumulation of ROS, inflammatory molecules,
and the production of abnormal proteins (Lindsay et al., 2020),
altogether preceded by early angiopathy related to amyloid deposits in
vascular vessels as has been previously reported (van Groen et al,,
2011), all subtle effects AD-related.

Hence, the purpose of this study is to evaluate whether different
degrees of long-term social isolation stress (SIS), experienced from
postnatal and post-weaning stages until adulthood, may contribute to
the development of early markers associated with AD or related
dementia. Furthermore, the study aims to determine if social buffering
through re-socialization can potentially mitigate the effects of reactive
stress. This research will be conducted on both female and male degus,
to explore potential gender differences in vulnerability to these
conditions. This paper is part of a compilation of previously published
studies on the effects of long-term SIS on various behavioral,
physiological, and biochemical aspects using this promising
animal model.

2. Materials and methods
2.1. Social isolation protocol

Pregnant female degus obtained from our colony at the Faculty of
Biological Sciences, Pontificia Universidad Catolica de Chile were kept
in pairs and housed in clear acrylic aquaria (length x height x depth:
50 x 35 x 23cm) with bedding of hardwood chips. Each cage
contained one nest box made of clear acrylic (22 x 12 x 15cm).
We checked for litters daily, and the day of birth was defined as PND
0. To avoid litter differential parental effect, the whole litter was
randomly assigned to one of the following rearing conditions: (i)
unstressed controls: the litters were left undisturbed with their family.
The siblings remained together until PND 90, and thereafter they were
raised as sex-matched groups of three siblings from PND 91 until the
end of the experiment (Control group, CTRL, Figure 1A). (ii)
Separation stress: From PND 1 to PND 35 (day of weaning), the pups
were removed from their mothers and home cage. In the same room,
the pups were kept individually in small opaque cages for 1 h daily
(between 09:00a.m. and 12:00 p.m. noon). Thus, during separation,
the pups had acoustic and olfactory but no visual and social contact
with their siblings. After 1 h, separated pups were returned to their
family and home cage and left undisturbed until the next day. After
PND 35 the whole litter was randomly assigned to one of the following
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rearing conditions: (ii-a) The litters were left undisturbed with their
family. The siblings remained together until PND 90, and thereafter
they were raised as sex-matched groups of three siblings (one focal
degus and two respective brothers/sisters that were not included in
our experimental design) from PND 91 until the end of the
experiment when degus reached 25-months old (Partial isolation
group, PI, Figure 1B). (ii-b) From PND 36 until the end of the
experiment, female and male degus were individually housed in
standard rodent cages, where they had olfactory, acoustic, and partial
visual, but no physical contact to conspecifics (Chronic isolation
group, CI, Figure 1C). To study the protective role of social buffering
after long-term social isolation stress, after a period of 25-months
under CI conditions, both female and male degus were housed in
sex-matched pairs with their respective Cl-reared brothers or sisters
(one focal degus and one sibling not included in our experimental
design) during a re-socialization period of 6-month when degus had
31-months old (Re-socialization group, CI-R, Figure 1D).

Animals were kept in a ventilated room exposed to a 12:12h light—
dark cycle with temperatures controlled (yearly minimum=13.4+0.2°C;
yearly maximum =24.9+0.2°C). Degus were fed a standard rabbit
commercial pellet diet (Champion, Santiago, Chile) and ad libitum
water. The efforts were made to minimize animal suffering and to
reduce the number of animals used.

2.2. Western blot analysis

Animals were euthanized by decapitation after isoflurane deep
anesthesia. The hippocampus was dissected on ice and immediately
frozen at —150°C and processed. Briefly, the brain regions were
dissected and removed completely by freehand with curved forceps
and razorblade (no punch was used) on a petri dish on ice.
We separated the hemispheres and the hippocampus was visually
identified and removed completely. Tissue samples were homogenized
in HEPES buffer (25 mM HEPES, 125 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% NP-40, pH 7.4) supplemented with a protease inhibitor
cocktail (catalog number 78429, Thermo Fisher Scientific) and a
phosphatase inhibitor mixture (25mM NaF, 100mM Na;VO, and
30pM Na,P,0,) using a glass homogenizer and then passed
sequentially through different caliber micropipettes and syringes.
Protein samples were centrifuged at 14,000 rpm at 4°C for 20 min and
pellets were discarded. Protein concentration was determined using a
BCA protein assay kit (Pierce, Thermo Fisher Scientific, Waltham,
MA, USA). Samples were resolved by SDS-PAGE, followed by
immunoblotting on PVDF membranes. Membranes were incubated
overnight with the primary antibody. Then membranes were washed
three times with TBS containing 0.1% tween-20 and incubated with
HRP-conjugated antibodies (Jackson Immunoresearch, Baltimore,
United States). Primary antibodies include mouse anti-catalase
(1:1000, sc-271,803, Santa Cruz Biotechnology, Inc., United States),
mouse anti-SOD1 (1:1000, sc-271,014, Santa Cruz Biotechnology,
Inc., United States), mouse anti-Glutathione reductase (1:1000,
sc-133,245, Santa Cruz Biotechnology, Inc., United States), mouse
anti-Tau PHF-1 (1:1000 phosphorylated at Ser396 and Ser394) was a
gift by Dr. Peter Davies (R.I.P. Department of Pathology, Albert
Einstein College of Medicine, NY, United States), mouse anti-pTau
clone AT8 (1:1000, MN1020, Invitrogen, United States), mouse anti-
human tau (1:1000, 2024-10-31, Dako), rabbit anti-NF-kf (1:1000,
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FIGURE 1

Scheme of experimental design of the stress treatments: (A) unstressed control animals (CTRL), where litters were left undisturbed with their family. The
siblings remained together until PND 90, and thereafter they were raised in sex-matched groups of three siblings from PND 91 until the end of the
experiment (B) Partial isolation group (PI), from PND 1 to PND 35 (day of weaning), the degus pups were removed from their mothers and home cage and
were kept individually for 1h daily. After 1-h of separation pups were returned to their family and home cage and left undisturbed until the next day. After
PND 35 the whole litter was left undisturbed with their family. The siblings remained together until PND 90, and thereafter they were raised as sex-matched
groups of three siblings (one focal degus and two respective brothers/sisters that were not included in our experimental design) from PND 91 until the end
of the experiment (C) Chronic isolation group (Cl), from PND 1 to PND 35 (day of weaning), the degus pups were removed from their mothers and home
cage and were kept individually for 1h daily. After 1-h of separation pups were returned to their family and home cage and left undisturbed until the next day.

From PND 36 until the end of the experiment, female and male degus were individually housed (D) Re-socialization group (CI-R), after a period of
24-months, Cl-reared degus were randomly reassigned and housed in sex-matched pairs with Cl-reared brothers or sisters (one focal degus and one
sibling not included in our experimental design) during a period of 6-months. Illustration created with BioRender.com.

PA5-16758, Invitrogen, United States), mouse anti-Ibal (1:1000,
sc-32,725, Santa Cruz Biotechnology, Inc., United States), mouse anti-
B-actin (1:1000, sc-47,778, Santa Cruz Biotechnology, Inc.). The
western blots were analyzed using Image]. The area of each band
measured by densitometry was divided by the loading band (actin)
area. The areas from the control samples (five) were averaged and
then, every control value was divided by the average control value. The
other band areas per treatment were divided by the control, and all
these relative data were plotted.

2.3. Slot blots

Slot-blot assays were performed as previously described (Tapia-
Rojas and Inestrosa, 2018). Briefly, the total protein extracts from the
hippocampus were used to perform slot blots. The protein
concentration in the hippocampal lysate was determined, and 15 pg of
protein was spotted on a 0.45-pm’ nitrocellulose membrane
(Millipore), followed by blocking with 0.5% PBS-Tween-20 (PBS-T)
milk and incubation with the correspondent antibody overnight at
4°C. The slot blots were analyzed using Image]J. The area of each band
was measured by densitometry; the areas of the control samples (five)
were averaged and then, each control value was compared to the
average control value. The other band areas per treatment were
compared to the averaged control, and all these relative data were
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plotted. Primary antibodies include Mouse Anti-4-Hydroxy-2-
Nonenal (4HNE, 1:1000, 298,112 US Biological), rabbit anti-
Amyloid-f,, (1:1000, ab201061, Abcam), mouse anti-p-Amyloid,
17-24 Antibody, clone 4G8 (1:1000, SIG-39200, Biolegends), rabbit
Anti-Amyloid Oligomer Antibody All (1:1000, AB9234 Merck
Millipore), mouse anti-ILIp (1:1000, sc-12,742, Santa Cruz
Biotechnology, Inc.), mouse anti-TNFa (1:1000, sc-12,744, Santa Cruz
Biotechnology, Inc.).

2.4. Measurement of ATP content

ATP content was measured in hippocampal tissue lysates obtained
with a Triton buffer (5mM Tris, 150 mM NaCl, 1 mM EDTA, 1% (v/v)
Triton X-100, pH=7.4) using a luciferin/luciferase bioluminescence
assay kit (ATP determination kit no. A22066, Molecular Probes,
Invitrogen) (Torres et al., 2021, 2023). The amount of ATP in each
sample was calculated from the standard curves and normalized based
on the total protein concentration.

2.5. Measurement of ROS content

ROS content was measured using the fluorescent dye
CM-H2DCFDA. Briefly, hippocampal samples diluted in Triton

frontiersin.org
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Buffer were added to a black 96-well plate in duplicate followed by the
addition of 25uM DCE Then, the plate was incubated for 5min and
examined in a BioTek Synergy HT (Torres et al., 2021).

2.6. Histochemistry

Animals were anesthetized and then perfused through the heart
with buffer containing saline solution, followed by fixation with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) for 30 min. Brains
were post-fixed overnight at 4°C in 4% PFA (Paraformaldehyde,
1.04005, Merck) in PBS 1x and washed 10 min 3 times in PBS 1x. A
sucrose gradient was performed (10, 20% 2h each at room
temperature and 30% overnight at 4°C). The whole brain was
submerged in OCT Compound (Ref:4583, Sakura). Coronal sections
of 30pm thickness were collected from a Leica Cryostat, from
Anterior to Posterior, in a 24-well plate with PBS 1x and kept at 4°C
until use. Representative sections of each animal were mounted in
Premium Micro Slide (Ref: PC2-302-16, PR PorLab) in PBS 1x and
they were allowed to dry at room temperature.

2.7. Cressyl violet staining

The slides were washed briefly in tap water to remove any residual
and submerged in Cressyl Solution 5min (0.3% Cressyl Violet C3886,
Sigma, 0.1% Acetic Acid 100,063, Merck). Then they were washed in tap
water to remove excess stain and immerse in 3min in 95% Ethanol and
2min in 100% Ethanol to clarify the stain. Finally, they were submerged
2 times, 5min in Xilol to differentiation and mounted in Eukitt Quick-
hardening mounting medium (03989, Sigma).

2.8. Immunofluorescence

The slides were taken out from —20° and left to dry at room
temperature, then the immunofluorescence (IF) was performed.
Briefly, they were hydrated in PBS 1x and incubated in Blocking/
Permeabilization Solution (Triton X-100 0.5%, BSA 5% in PBS 1x) for
1h at room temperature. Primary antibodies were diluted in this
solution and incubated at 4° overnight. After 3 washes in PBS 1x,
10 min each, secondary antibodies were diluted in the same solution
2h at room temperature and washed again 10 min 3 times in PBS 1x.
The slides were covered in Fluoromount-G (Invitrogen, 00-4,958-02)
with Hoechst 33342 (I35103C, Invitrogen). Antibodies used were:
mouse Anti-4-Hydroxy-2-Nonenal (4HNE, 298,112 US Biological),
mouse 17-24 Antibody, clone 4G8 (SIG-39200, Biolegends), rabbit
Arc (156,003, synaptic systems), mouse Tau PHF1 (Ser396 and Ser404,
a gift by Dr. Peter Davies (Department of Pathology, Albert Einstein
College of Medicine, NY, United States), rabbit NF-kf} p65 (Invitrogen,
PA5-16758), anti-rabbit Alexa 594 (Invitrogen, A-21207), and anti-
mouse Alexa 488 (Invitrogen, A-21202).

2.9. Statistical analysis

All data are presented as the mean+standard error (SEM). To
analyze the effect of stress treatment groups in female and male degus,
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we used one-way ANOVA and non-parametric analysis of variance
(Kruskal-Wallis) when the data did not meet the ANOVA assumptions
of normality. Fisher’s LSD post hoc comparisons were performed to
examine the individual main effect of stress treatments. The assumptions
of normally distributed data and homogeneous variances were confirmed
using Shapiro-Wilk and Levene’s tests, respectively. Statistical analyses
were performed using the Statistica (StatSoft, Tulsa, OK) software
package. Differences were considered statistically significant at p<0.05.

3. Results

3.1. Long-term SIS increases the levels of
inflammatory markers, an effect that is
partially reverted by re-socialization in
female and male degus

We measured the nuclear factor kappa B(NF-kp) a transcription
factor involved in a plethora of cellular responses including
inflammation, proliferation, and survival (Park and Hong, 2016;
Lingappan, 2018). Our data showed no significant effect of long-term
SIS treatments on the amount of NF-kf in females (p=0.57,
Figures 2A,C) but a significant effect was observed in males
[E3,16=4.04, p=0.02; Figures 2B,D]. Specifically, the PI, CI, and CI-R
males exhibited higher levels of this inflammatory factor compared to
the CTRL group, suggesting that males are more sensitive to stress
responses altering NF-kf levels. In addition, we determined the relative
level of the type III-intermediate filament GFAP found in astrocytes,
which can indicate abnormal astrocytic remodeling as a consequence
of neuronal damage (Shir et al., 2022). Our data showed that neither
in females (p=0.49; Figures 2A,E) nor in males (p=0.20; Figures 2B,F)
the stress protocols had a significant effect, ruling out astrocytes as the
cause of any deleterious effect of long-term SIS. We also measured the
levels of ionized-calcium binding adapter molecule 1 (Ibal), a
cytoplasmic protein present in microglia and circulating macrophages,
which has been correlated with anxiety symptoms and abnormal
hippocampal plasticity (Sasaki et al., 2001; Shapiro et al., 2009).
Interestingly, we found a significant effect of long-term SIS treatments
in females [F; 5 =5.32, p<0.01; Figures 2A,G] and males [Kruskall-
Wallis X*=7.89, p=0.04; Figures 2B,H]. More detailed comparisons
indicated that the level of Ibal is higher in CI females compared to
CTRL females, and in PI males compared to CTRL males. During
re-socialization, Ibal levels reach similar values to control in both
sexes. Thus, these results suggest that long-term SIS promotes a
pro-inflammatory scenario that is more severe in males, but that tends
to be attenuated by a period of re-socialization.

We also measured the pro-inflammatory cytokines tumor necrosis
factor-a (TNF-a) and the interleukin 18 (IL-1p). Both molecules
released by microglia, are associated with a pro-inflammatory
environment in the brain, and controversial evidences have shown
their implications in neurodegeneration and neuroprotection
depending on availability, and target cells (Leal et al., 2013). In the case
of TNF-a, no differences were observed in females (p =0.22;
Figures 3A,C) or males (p =0.21; Figures 3B,D), showing that SIS
treatments are not able to trigger an inflammatory response through
TNF-a. Regarding IL-1p, we did not find differences in females
(p =0.14; Figures 3E,G) but did find it in males (Kruskall-Wallis
X?=9.51, p=0.02; Figures 3E H), being CI-R males significantly lower
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(G) and male (H) degus. Statistical analysis was performed using one-way ANOVA (F-value) or Kruskal-Wallis (X?), as appropriate. The p-value is
indicated at the top of the figures. Letters on top of the boxplots indicate significant differences between stress treatments (Fisher's LSD post hoc test).
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than the CI males. These data suggest that males could develop more
vulnerability to an inflammatory state, and that re-socialization can
reduce this susceptibility.

3.2. Long-term SIS exerts differential
effects on ATP, ROS levels, and oxidative
damage in female and male degus

Other important factors regulated by isolation stress are the
bioenergetics state and the redox balance, both processes mediated
mainly by the mitochondria (Moller et al., 2013). For this reason,
we quantified ATP using a luciferin/luciferase bioluminescence assay
(Torres et al., 2023). The signal obtained is directly proportional to the
amount of energy present in the whole lysate of the brain hippocampus
of each animal after the long-term SIS protocols. Our data showed
significant differences in females [F(; 3, =15.91, p<0.01; Figure 4A]
and males (Kruskall-Wallis X*>=18.62, p<0.01; Figure 4B).
Specifically, all stress-treated groups in females (PI, CI, and CI-R)
exhibited significantly lower ATP levels compared to the CTRL group,
indicating a detrimental effect of social isolation on cellular energy
sources. In contrast, a higher level of ATP was measured in PI males
compared to the CTRL group. However, in CI and CI-R males, the
ATP levels closely resembled those of the CTRL group. These data
suggest that the mechanisms for preserving cellular energy are
differentially affected by long-term SIS in females and males.

Next, considering that mitochondria are the main ATP source,
we measured the levels of reactive oxygen species (ROS), which are

10.3389/fnagi.2023.1250342

highly unstable oxygen-containing molecules produced during
aerobic metabolism (Lennicke and Cochemé, 2021), in the whole
hippocampal lysate of all experimental groups (Olesen et al., 2020;
Torres et al., 2023). The level of ROS is an indication of the
mitochondria status because dysfunctional mitochondria normally
increase ROS production. We observed significant differences in ROS
among stress treatments in females [F(; ;5 =6.01, p<0.01; Figure 4C]
and males [F; 1 =7.89, p<0.01; Figure 4D]. In particular, significantly
high levels of ROS species were measured in the PI groups of both
females and males compared to the CTRL groups. Additionally, the
ROS level is high in both CI females and males compared to the
control ones. Strikingly, while re-socialization led to higher levels of
ROS in females, in males, the ROS levels were comparable to the
control level. These results suggest that females are more prone to
accumulate ROS after long-term SIS, and this is not reversible.

To determine if increased ROS production can induce oxidative
damage of lipids, proteins, and DNA molecules, we measured
oxidative damage. As a result of lipid peroxidation of polyunsaturated
omega-6 acyl groups, 4-hydroxy-2-nonenal (4HNE) accumulates
during oxidative stress being linked to the pathology of several
diseases, like AD, atherosclerosis, diabetes, and cancer (Breitzig et al.,
2016). Using Dot Blot analysis, we quantified the level of 4HNE in the
hippocampal lysate. We observed that treatments did affect the level
of 4HNE in females (Kruskall-Wallis X*=12.91, p<0.01; Figures 4E,G)
but not in males (p=0.86; Figures 4FH). Specifically, higher level of
4HNE was found in PI females, as well as in CI-R females, indicating
that 4HNE stays longer in cells of females after long-term SIS. A
similar effect was observed by immunofluorescence, where the 4HNE
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hippocampus of female (A,C) and male (B,D) degus. Dot blot assay using TNF-a antibody to measure and its corresponding densitometric analysis, in
female (E,G) and male (F,H) degus. Statistical analysis was performed using one-way ANOVA (F-value). The p-value is indicated at the bottom of the
figures. Letters on top of the boxplots indicate significant differences between stress treatments (Fisher's LSD post hoc test). The study included a total
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marker was found higher in the dentate gyrus (DG), CA1l, and CA3

from the hippocampus of PI and CI-R female groups
(Supplementary Figures 1SA,B). Altogether, these results suggest that
females are more sensitive to long-term SIS than males, showing a

reduced bioenergetic state and increased oxidative damage.

3.3. Differential changes in the protein
levels of antioxidant defense after
long-term SIS in female and male degus

Increased oxidative damage is caused by increased levels of ROS
and reduced antioxidant defenses (Schieber and Chandel, 2014).
We evaluated the levels of different antioxidant enzymes in the
hippocampus of control and experimental degus (Murphy et al,
2022). First, we measured the levels of glutathione S-reductase (GSR),
a central enzyme of cellular antioxidant defense. This enzyme plays a
crucial role in reducing oxidized glutathione disulfide (GSSG) to its
sulthydryl form, GSH, which acts as a vital cellular antioxidant
(Deponte, 2013). Our data showed significant differences in females
[Fi16=3.27, p=0.04; Figures 5A,C] but not in males (p=0.45;
Figures 5B,D). A significant reduction in GSR levels was observed
specifically in PI females, while no significant changes were observed
in the other experimental groups. This finding suggests that PI may
reduce antioxidant cellular processes. We also measured catalase, an
antioxidant enzyme known for efficiently catalyzing the conversion of
hydrogen peroxide (H,0,) into water and oxygen when cells are
exposed to environmental stress (Nandi et al., 2019). Our data showed
differences in females [F,5=6.05, p<0.01; Figures 5A,F] and in
males (Kruskall-Wallis X*=9.07, p=0.02; Figures 5B,F). We observed
that all the stress treatments reduced the catalase levels in females.
However, in males, the differences were only observed between CI and
CI-R males, suggesting that re-socialization can increase catalase
levels in males but not in females. In addition, we evaluated the
protein levels of superoxide dismutase 1 (SOD1). This cytoplasmic
enzyme is relevant for reducing molecular oxygen (O,) into peroxide
controlling the levels of various ROS and reactive nitrogen species
(Schieber and Chandel, 2014). Our data indicates subtle differences in
SOD1 levels among females [F; ¢ =3.45, p=0.04; Figures 5A,G] and
significant differences among males (Kruskall-Wallis X*=13.49,
p<0.01; Figures 5B,H). In detail, CI-R females exhibited higher levels
than PI and CI, indicating that re-socialization increases the SOD1
levels. In contrast, all treated male groups showed significantly lower
SOD1 compared to the control group. These data suggested that the
antioxidant cellular mechanisms during re-socialization in females
and males are opposite yet complementary.

3.4. Long-term SIS differentially induces
the accumulation of abnormal proteins and
AD-related tau phosphorylation in female
and male degus

Oxidative damage is the main aging hypothesis and is considered
one of the factors inducing the accumulation and aggregation of
abnormal proteins in neurodegenerative diseases such as AD (Ross
and Poirier, 2004; Spires-Jones et al., 2017). Although not specific, the
measurement of abnormal proteins refers to unfolded or misfolded
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proteins that could be potentially toxic when they aggregate. The
cellular inability to eliminate or reverse the misfolding is also
indicative of a degenerative disorder (Ross and Poirier, 2004; Spires-
Jones etal., 2017). Our data showed significant differences in abnormal
proteins in females (Kruskall-Wallis X*=9.103, p=0.02; Figure 6A)
but not in males (p=0.07; Figure 6B). In females, each group did not
differ from the control group, but significant differences were observed
between them, where the PI females showed the highest level and
CI-R the lower level. These data suggest that, under re-socialization,
females can reduce the level of abnormal proteins caused by
chronic stress.

Considering that stress can aggravate the AD phenotype and that
degus are a natural model of AD, we evaluated whether this increased
load of abnormal proteins will correspond to phosphorylated tau
protein or amyloid-f. Tau is a protein associated with microtubules,
which act to regulate the microtubule dynamics depending on its
phosphorylation  state. However, when tau undergoes
hyperphosphorylation, this leads to conformational changes and
subsequent aggregation (Tapia-Rojas et al., 2019). Here, we evaluated
the phosphorylation of tau in two important epitopes present in the
brain of degus (Jeganathan et al., 2008). First, we measured the levels
of tau phosphorylation at the PHF1 epitope, which recognizes the
phosphorylation in Ser396 and Ser404 simultaneously, using a specific
antibody (Torres et al,, 2021). Our analysis revealed significant
differences in females (Kruskall-Wallis X*=8.28, p=0.04:
Figures 6C,E) and males (Kruskall-Wallis X*=15.75, p<0.01;
Figures 6D,F). More detailed analysis indicated differences between
the PI and CI female groups, with the CI groups exhibiting higher
phosphorylation levels. In males, the CI-R group showed the most
significant increase in phosphorylation compared to the other groups,
suggesting a cumulative effect. This effect was also observed by
immunofluorescence in Supplementary Figures 1SC,D. Additionally,
we quantified the phosphorylation of the tau protein at the AT8
epitope, which recognizes Ser202 and Thr205 phosphorylated
residues. Interestingly, we did not observe any significant effect of the
treatments in females (p=0.11; Figures 6C,G). However, in males,
we found a significant effect [F; 1 =17.23, p<0.01; Figures 6D,H]. The
following analysis showed that in every stress treatment group, males
displayed higher levels of AT8 phosphorylated compared to the
control ones, suggesting that long-term SIS induced cellular changes
that could affect tau folding in males. Finally, we measured the total
tau protein, where we observed significant differences in females
[Fi16=3.6, p=0.03; Figures 6C,I] but not in males (p=0.07;
Figures 6D,]). Like with the PHFI, the CI females exhibited a
significantly higher level of total tau compared to the PI females.
Therefore, these results suggest that long-term SIS induces more
severe tau phosphorylation in males compared to female degus.
Importantly, this effect persists even during re-socialization.

3.5. Long-term SIS promotes increased
production and aggregation of Ap-peptide
in both female and male degus

According to the amyloid hypothesis of AD, AB-peptide
production and aggregation is the main event responsible for the
toxicity in the AD brain hippocampus (Selkoe and Hardy, 2016).
For this reason, we measured the levels of AP peptide, as well as
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Analysis of abnormal proteins and phosphorylated tau in the
hippocampus of female and male degus. Abnormal protein levels in
female (A) and male (B) degus measured by fluorescence in the
hippocampus of female and male degus. Representative western
blots of phosphorylated and total tau protein in female (C) and male
(D) degus. Densitometric analysis of phosphorylated tau protein in
PHF-1 epitope (phosphorylated in Ser396 and Ser404) in female

(E) and male (F) degus, phosphorylated tau at AT8 epitope (Ser202
and Thr205) in female (G) and male (H) degus, and total tau protein
in female (I) and male (J) degus. Statistical analysis was performed
using one-way ANOVA (F-value) or Kruskal-Wallis (X?), as
appropriate. The p-value is indicated at the top of the figures. Letters
on top of the boxplots indicate significant differences between stress
treatments (Fisher's LSD post hoc test). The study included a total of
10 animals (n = 5 females, n =5 males).

different aggregation states including AP oligomers. We evaluated
the presence of this peptide using a specific AP, antibody. Our
study revealed a significant effect of different long-term SIS
treatments in both females [F(; ;5= 3.83, p=0.03; Figures 7A,C]
and males [F;,5=5.03, p=0.01; Figures 7B,D]. Specifically, our
data showed that the highest level of Af,, was observed in CI-R
females and in CI males, despite that in males, the Af,, returned
to the control level during re-socialization. These findings suggest
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that re-socialization may not effectively reduce amyloid
accumulation in females.

In addition, we measured the AP load using the 4G8 antibody.
This antibody specifically recognizes residues 18-23 of the AP
sequence and has been reported that can recognize amyloid load
including aggregates (Hatami et al, 2016). Our data revealed
significant effects of treatments on the samples obtained from both
females [Fg;,6=11.0, p<0.01; Figures 7E,G] and males [F; ¢ =25.77,
p<0.01; Figures 7EH]. Interestingly, regardless of the treatment, the
AP load appeared to increase, with higher levels observed in PI, CI,
and the highest level in CI-R females compared to the other groups.
In males, all the treated groups showed higher levels compared to the
CTRL and each other. These findings indicate that long-term SIS leads
to an exacerbated release of Ap levels that cannot be reversed by
re-socialization in both sexes, suggesting its accumulation.

We used the All antibody, a conformational antibody that
specifically recognizes oligomeric forms of A, rather than monomers or
fibrils (Chunhui et al,, 2018). Our data demonstrated significant effects
of long-term SIS treatments in females [Fg,=17.02, p<0.01;
Figures 71,K] and males [F3,6=6.21, p<0.01; Figures 7],L]. Further
analysis revealed that under all stress treatments, there was an increase in
the levels of the oligomeric forms of AP in both sexes. Notably, in females,
the CI-R group exhibited even higher levels of oligomers compared to the
other treatment groups. These findings indicate that long-term SIS
treatments induced an exacerbated aggregation of Af forming oligomers,
and re-socialization was unable to reverse this effect in both sexes.

It is known that in advanced stages of the disease, tau
hyperphosphorylation and A pathology can promote neuronal death
(Yao etal., 2005; Dong et al., 2022). We developed a preliminary study
to measure whether SIS treatments could affect neuronal viability.
We measured neuronal density using Nissl stain (Figures 8A,B) and
Hoechst stain (Figures 8C,D) to load nuclei in the dentate gyrus (DG),
CAl, and CA3 regions from the hippocampus of female and male
degus. Representative images obtained from one female and male for
each experimental group showed a tendency to reduce neural
thickness (pm) in the CA1 region of female degus after CI, and in all
treated males (Figure 8). To further compare mature cells in our
samples, we measured NeuN, a marker of mature neurons, and
we found no effect in females (p=0.17) but a significant effect in males
[Fi16=4.51, p=0.02; Figures 8E-H]. These data suggest a slight
vulnerability of males, with lower mature neurons during CI that does
not appear to be restored by CI-R.

Thus, in summary, in contrast to the effects observed in
neuroinflammatory markers that are reversible, bioenergetic defects,
oxidative damage and antioxidant response, as well as the effects on tau
phosphorylation and Ap formation and aggregation appear to be the
strongest and most persistent, to accumulate over time, and to affect
both sexes, resulting finally in neuronal death. Additional longitudinal
studies are needed to elucidate the consequences of long-term SIS and
other stressors and their incidence in other neurodegenerative diseases.

4. Discussion

Octodon degus, a social rodent native to Chile, has emerged as a
valuable animal model for studying aging and age-related diseases such
as Alzheimer’s disease. One of the most significant advantages of using
degus as a model is their relatively long lifespan under captivity
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study included a total of 10 animals (n = 5 females, n = 5 males).

Analysis of amyloid species in the hippocampus of female and male degus. Dot blot assay for Aps, peptide and its corresponding densitometric
analysis, in the hippocampus of female (A,C) and male (B,D) degus. Dot blot assay using 4G8 antibody to measure Ap load and its corresponding
densitometric analysis, in female (E,G) and male (F,H) degus. Dot blot assay for Ap oligomers using the A1l antibody and its corresponding
densitometric analysis, in female (I,K) and male (3,L) degus. Statistical analysis was performed using one-way ANOVA (F-value). The p-value is indicated
at the bottom of the figures. Letters on top of the boxplots indicate significant differences between stress treatments (Fisher's LSD post hoc test). The

conditions, which allows researchers to study the effects of aging and
age-related diseases over a longer time frame. Furthermore, degus
exhibit cognitive decline and memory impairment like those seen in
humans with dementia, and their brains naturally develop amyloid
plaques and tau phosphorylation, two hallmarks of Alzheimer’s disease.
The molecular and genetic similarities between degus and humans make
this animal model ideal for studying the underlying mechanisms of
age-related diseases and for testing potential therapeutic interventions.
Additionally, by considering both sexes separately, we investigated
whether susceptibility to long-term SIS has a sex-dependent component.

4.1. Previous reports in female and male
degus

We evaluated for the first time in degus the impact of long-term

stress induced by social isolation from early life until adulthood on the
development and progression of the main neurodegeneration markers.
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In two previous works, we showed that female and male degus are highly
sensitive to long-term SIS treatments (Rivera et al, 2020, 2021).
We measured baseline and stress-induced cortisol treatments on the
HPA axis (Rivera et al., 2020). We found no differences among animal
groups. Because the stress response is expected to be transient, we also
measured the “negative feedback” response, which indicates how well an
animal decreases cortisol levels after experiencing a stressor. Less
negative feedback was found in the CI group compared to the CTRL,
while CI-R animals showed significantly higher negative feedback
compared to the CTRL ones. These findings suggest that chronic social
isolation stress negatively affects the physiological response of the body
to normalize the stress response (Rivera et al., 2020) and that social
buffering appears to be fundamental for restoring the reduced
physiological response to stress (Levy and Yizhar, 2018). Long-term SIS
impaired learning performance in both sexes. Using the novel location/
object recognition (NOL/NOR) test, we found that working memory
was impaired in CI females and males, but recovered during
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FIGURE 8

Mature neurons analysis and neural thickness of hippocampal subregions following SIS treatments of female and male degus. Nissl stain (Cressyl violet) in coronal
sections of female (A) and male (B), and Hoechst stain in female (C) and male (D) degus. Representative images (63x) obtained using light microscopy, of one
animal/sex/condition. Preliminary quantification was performed using Image J software, to measure the neural thickness (um) of three independent images
obtained from the same degus in the DG, CA3, and CA1 hippocampal regions (not shown). Bar scale = 250pm. The study included a total of 3 samples of
hippocampus of one animal for each sex. (E,F) Representative western blots of NeuN protein and its corresponding densitometric analysis, in female (G) and male
(H) degus. Statistical analysis was performed using one-way ANOVA (F-value). The p-value is indicated at the bottom of the figures. Letters on top of the boxplots
indicate significant differences between stress treatments (Fisher's LSD post hoc test). The study included a total of 10 animals (n = 5 females, n = 5 males).
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re-socialization. Furthermore, using the Barnes maze, we showed that
SIS also elicits a sex-associated stress response on learning and memory;,
with CI male degus making more reference memory errors (the
knowledge of aspects of a task that remain constant between trials) in the
stress-treated groups, whereas CI and CI-R females made more working
memory errors (the aspects of a task that changes between trials) (Rivera
et al, 2020). At the synaptic level, our data showed that synaptic
transmission was more efficient in CI males than females but the long-
term potentiation (LTP) was unaltered in females despite the long-term
SIS treatment compared to males, which was significantly reduced in
CI-R (Rivera et al., 2020). A correlation of these effects with hippocampal
synaptic proteins was observed, explaining some of these effects,
including an increase in NR2B in CI-R females and the reduction of
synaptophysisn and PSD95 in CI and CI-R males (Rivera et al., 2020).
Later, we investigated the long-term effect of SIS in social-related
memory paradigms (Rivera et al., 2021). This study showed that CI males
exhibited more anxiety-related behaviors than any of the other treated
groups, including females. Meanwhile, the PI females were less motivated
to interact with a new animal, as was shown in the social interaction test,
suggesting that earlier separation had a stronger effect on females than
males, suggesting that this may affect adult behavior. Notably, motivation
to engage in novel interactions increased in both female and male CI-R
groups. At the molecular level, oxytocin was permanently disrupted in
the hippocampus, but also in the hypothalamus and prefrontal cortex in
both sexes, showing that the initiation of signaling was impaired in
several brain areas. Other molecules such as PKC or CaMKII are
increased in the hippocampus of CI and CI-R males, suggesting that
males may be able to overcome stressful prior isolation experiences
(Rivera et al., 2021). Taken together, the published data demonstrate
sex-specific effects of social isolation on social behavior, cognitive
memory performance, and molecular outcomes, many of which appear
to be irreversible after long-term SIS experience. A concise overview of
the protein changes following each long-term SIS treatments, as
presented in the current study and the aforementioned references, is
shown in Figure 9.

Are there other molecular aspects that could potentially
be affected, leading to an increased susceptibility to other diseases? In
the present study, we delved into additional metabolic and molecular
dimensions to further elucidate this notion.

4.2. Inflammatory markers

We analyzed proteins involved in several cellular responses,
including inflammation and stress response, among others. Among
the factors associated with inflammation, the NF-kf transcription
factor family has been shown to play a role in several pathologies
when activated. When present in the nucleus, NF-kf} stimulates the
transcription of genes associated with inflammatory processes (Park
and Hong, 2016; Lingappan, 2018). Constitutive activation of NF-«xf3
has been observed in certain types of cancer, suggesting its
involvement in promoting cell proliferation and inhibiting apoptosis.
Consequently, increased NF-kf activity may serve as a trigger for
abnormal or uncontrolled cellular mechanisms (Park and Hong,
2016). NF-xp also plays a role in initiating the inflammatory response
during cerebral ischemia by activating the release of other cytokines,
thus
neurodegeneration (Jha et al., 2019). However, it is worth noting that

linking its action to cerebrovascular disease and
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NF-kf in its inactive constitute form has been detected in active
pyramidal neurons in the hippocampus and cerebral cortex,
suggesting its involvement in basal synaptic physiology. This indicates
that maintaining a balance between anti-inflammatory and
pro-inflammatory factors is crucial in determining whether NF-«f3
signaling leads to neuroprotection or neurodegeneration (Jha et al.,
2019). Overactivation of NF-kp has been observed in the AD
phenotype and its associated symptoms, whereas in vitro research has
demonstrated the impact of inflammatory factors on increasing the
production of AP through the NF-xB signaling pathway
(Lingappan, 2018).

Our data reveals that under long-term SIS treatments, NF-kf3
levels increase in males but not in females, suggesting that social
isolation can trigger inflammatory pathways by activating this nuclear
transcription factor in a sex-dependent manner. The literature has
previously reported sex-dependent gene expression of transcription
factors. NF-kf activity has been reported to be sex-dependent in
several tissues. In the brain, the activation of NF-kf in response to
stress-induced neuronal death has a neuroprotective effect bigger in
females compared to males (Ruiz-Perera et al., 2018). Recently, a
significant increase in the expression of the NFxf1 gene and the
targets of most NF-kf family members was found in males with
Parkinson’s disease (PD), but not in females (Tranchevent et al., 2023).
Indeed, the severity of PD has been associated with NF-kf} activity,
which also serves as an indicator of overall mitochondrial function
(Laforge et al., 2016). Collectively, these findings suggest that
sex-specific dysregulation of certain genes and their downstream
targets may play a key role in triggering neurodegeneration.

Sex-associated differences have been reported in mitochondrial
processes and cytokine signaling in glial cells (Tranchevent et al.,
2023). However, in our experiments, we did not observe any
differences in factors such as GFAP between females and males, or by
treatment, suggesting that the long-term SIS treatments we applied did
not induce astrogliosis. Instead, we observed a significant increase in
the expression of the Ibal protein, which is specific to microglia, in PI
males and CI females. The activation of microglia in the brain can be a
response to neuronal loss, indicating that males may be more
susceptible than females to lower levels of stress. Furthermore, we also
observed differences in the IL-1f of males, where re-socialization
reduces its levels compared to CI males. This suggests that any
inflammatory response caused by early-life chronic isolation can
be reversed through re-socialization. Given that blocking or inhibiting
this major cytokine could halt the main manifestations of physiological
inflammation (Dinarello et al., 2012), re-socialization may represent
a unique benefit, at least at early ages. Interestingly, basal circulating
IL-1p and TNF-o are higher in men compared to women and their
response is also higher in males in several diseases like atherosclerosis
and vasculitis (Bernardi et al., 2020). Thus, chronic isolation early in
life could increase vulnerability later on in life.

4.3. Bioenergetic state, ROS, and oxidative
stress

To study the bioenergetic cellular status after long-term SIS
treatments, we measured ATP, which measures the amount of energy
present in the sample and serves as an indirect measurement of
mitochondrial function. Interestingly, we consistently observed lower
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FIGURE 9
Summary overview of proteins signaling related to long-term SIS treatment in the hippocampus. (A) Proteins and enzymes obtained from the present
study includes or are included in inflammatory pathways, bioenergetics and oxidative stress, antioxidant enzymes, abnormal proteins, and
phosphorylated tau, and amyloid species; (B) Data from synaptic proteins and canonical Wnt signaling proteins, obtained in a previous study [modified
from Rivera et al,, 2020]; (C) Data from social-behavior signaling cascade, obtained in a previous study [modified from Rivera et al., 2021]. CTRL:
control group, PI: partial isolation group, Cl: chronic isolation group, CI-R: re-socialization group, NF-xp: nuclear factor kappa 8, GFAP: type IlI-
intermediate filament, Ibal: ionized-calcium binding adapter molecule 1, TNF-o: tumor necrosis factor-ao, IL-1f: interleukin 18, ATP: adenosine
triphosphate, ROS: reactive oxygen species, 4HNE: 4-hydroxy-2-nonenal, GSR: glutathione S-reductase, SOD1: superoxide dismutase 1, PHF1: epitope
which recognizes the phosphorylation in Ser396 and Ser404 phosphorylated residues, AT8: epitope which recognizes Ser202 and Thr205
phosphorylated residues, Ap42: Amyloid B protein fragment 1-42, 4G8: antibody specifically recognizes residues 18-23 of the Ap sequence, All:
conformational antibody that specifically recognizes oligomeric forms of Ap, PSD95: postsynaptic density protein 95, SYP: synaptophysin, NR2B:
NMDA receptors (NMDAR) containing subunit 2B, GSK3p: Glycogen synthase kinase-3p, activeGSK3: ratio of pY216-GSK3p/total GSK3p levels,
inactiveGSK3p: ratio pS9-GSK3p/total GSK3p levels, OXT: oxytocin, PKC: protein kinase C, p-PKC: PKC phosphorylated at S660, CD38: cluster of
differentiation 38, CaMKII: Calcium-calmodulin (CaM)-dependent protein kinase I, p-CaMKIl: CaMKII phosphorylated at T286.

levels of ATP in all long-term SIS-treated females compared to the
control group. This suggests a detrimental effect of social isolation on
cellular energy sources in females. In contrast, we found high ATP in
PI males compared to the control group, indicating that females and
males may employ different mechanisms to preserve cellular energy
or that they are differentially affected by long-term SIS. Further studies
are required to fully understand and decipher this issue.

To measure oxidative stress, we quantified ROS, which are highly
unstable molecules containing oxygen. When ROS combines with
other molecules, it can have detrimental effects on DNA and cell
survival (Schieber and Chandel, 2014; Lennicke and Cochemé, 2021).
Depending on their concentration within cells, ROS can also act as
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second messengers. However, when ROS levels exceed the cellular
mechanisms for clearance, oxidative stress occurs, accelerating aging,
and impacting several cellular processes (Droge and Schipper, 2007;
Kregel and Zhang, 2007; Olesen et al., 2020; Torres et al., 2023). In a
striking finding, we observed elevated levels of ROS in the PI groups
of both sexes. In CI-R groups, ROS levels remained elevated in females
but returned to normal in males. This suggests that females may
be more sensitive to oxidative stress or have a higher accumulation of
ROS. The release of ROS can activate NF-xf, which in turn
up-regulates APP/BACEL, leading to the accumulation of Ap. At the
same time, A secretion stimulates the expression of pro-inflammatory
molecules through NF-kf activation, creating a reverberating cycle of

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1250342
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Oliva et al.

inflammatory processes (Bronzuoli et al., 2016), which is a possible
explanation for the high ROS levels in CI-R female degus.

Other molecules, such as the peroxisome proliferator-activated
receptor (PPAR)-o, have been implicated in pro-inflammatory
processes through NF-kf signaling. Notably, this transcription factor
and ligand-activated nuclear receptor are epigenetically regulated in
socially isolated male mice (Matrisciano and Pinna, 2021). The Ppar-a
gene undergoes hypermethylation, resulting in decreased expression
and increased pro-inflammatory factors. This alteration appears to
be associated with the aggressive stress-induced behavior observed in
isolated mice (Matrisciano and Pinna, 2021). Further data to
determine the expression level of this protein or gene in the context of
long-term SIS treatments would contribute to a more complete
understanding of the physiological response within the SIS paradigm.

As ROS accumulates, other molecules such as 4-HNE, a product
of lipid peroxidation, can also accumulate during oxidative stress
(Breitzig et al., 2016). In our study, we did not observe differences in
the level of 4-HNE in males. However, we found higher level of
4-HNE in the PI and CI-R females. We also observed this effect by
immunofluorescence. The presence of this molecule in the PI group
suggests that this treatment is particularly sensitive for females,
resulting in a higher accumulation of oxidative stress molecules.
4-HNE is highly reactive and forms covalent adducts with other
proteins, thereby deactivating key proteins (Shoeb et al., 2013; Breitzig
et al., 2016). For example, in mitochondria, it can impair ATPase
activity or modify proton transport. Many of its targets are redox-
sensitive molecules and it can also upregulate the expression of NF-kf,
thereby affecting processes like inflammation and apoptosis (Breitzig
etal, 2016). Furthermore, 4-HNE has been linked to the pathology of
several diseases, including AD, atherosclerosis, diabetes, and cancer
(Shoeb et al., 2013).

4.4. Antioxidants

Resisting oxidative stress is crucial for cells to maintain dangerous
reactive species away from physiological processes. The GSR enzyme
plays a central role in cellular antioxidant defense by maintaining the
reducing environment within the cell (Deponte, 2013; Dwivedi et al.,
2020). In our study, we observed a significant reduction in GSR levels
in the PI females, while no changes were observed in the other groups
of females. Conversely, there were no changes in GSR levels in males.
This data suggests that females may be at higher risk of experiencing
oxidative stress following partial social isolation. The evidence of
sex-dependent oxidative stress is not new, with studies in other species
indicating a correlation with longevity (Martinez de Toda et al., 2023).
In Drosophila, females lived longer, something that is conferred by
their resistance to oxidative stress (Niveditha et al., 2017). Similarly, in
female rats, the level of GSR is higher compared to males and is
influenced by estrogen, similar to findings in humans (Bellanti et al.,
2013). It is important to note that our data do not compare females
with males but instead examine the effects related to different degrees
of stress, showing that females can reestablish GSR levels during
chronic isolation.

Another enzyme that showed significant changes in females is
catalase, which catalyzes the breakdown of hydrogen peroxide into
oxygen and water in all cellular regions where H,0, is produced
(Nandi et al., 2019). Despite that catalase appears to be similar in most
human tissues, including the brain (Martinez de Toda et al., 2023), our
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samples exhibited a significant reduction in all treatment groups of
females compared to the control. In males, we observed differences
only between the re-socialized group and the chronically isolated
group, indicating that re-socialization may enhance the enzyme and
potentially its activity in males but not in females. We also measured
the SOD1, an enzyme located in the cytoplasm that catalyzes the
conversion of superoxide into oxygen and H,O, and that is one step
before catalase in the antioxidant defense pathway. Similar to catalase
in males, SOD1 levels increased in the resocialized female group
compared to the chronically isolated females. Conversely, in males, the
level of SOD1 decreases in all treated groups, similar to catalase in
female-treated groups. These results suggest that long-term SIS
treatments have a greater impact on altering SODI levels in males
than in females. However, males seem to exhibit a better response
during re-socialization, as they increase catalase levels to counteract
the presence of peroxide. On the other hand, females respond during
re-socialization by increasing the amount of SOD1, but the subsequent
step involving catalase does not show a similar reaction. SOD enzymes
play a crucial role in limiting the potential toxicity of ROS and
nitrogen species released during metabolic activities (Schieber and
Chandel, 2014). Additionally, the specificity of SOD enzymes for
subcellular compartments indicates their functional relevance.

4.5. Abnormal proteins and tau
phosphorylation

The measurement of misfolded proteins is not specific to a
particular protein but generally refers to the presence of proteins that
have adopted abnormal conformations and can potentially form toxic
aggregates. The inability of cells to effectively eliminate or reverse
protein misfolding is considered indicative of degenerative disorders
(Aigelsreiter et al, 2007). In our study, each experimental group
reported different levels with the highest abnormal protein level found
in PI females and the lowest in the re-socialized female group. These
differences may reflect the unique effects of each treatment on protein
misfolding and aggregation, highlighting the specific impact of each
condition on cellular processes.

Tau is a microtubule-associated protein predominantly expressed
in neurons. Abnormal hyperphosphorylation of tau leads to its
detachment from microtubules, leading to changes in its spatial
conformation and the formation of neurofibrillary tangles (NFTs). The
phosphorylation status of tau at different epitopes affects its folding
and propensity to aggregate (Jeganathan et al., 2008). In our study,
we observed differences in the phosphorylation of the PHFI epitope
between the PI and CI female groups. The CI females display higher
levels of tau phosphorylation. This suggests that chronic social
isolation may create conditions that promote increased tau
phosphorylation in females. Interestingly, in males, it was the
re-socialized group that exhibited the highest levels of tau
phosphorylation compared to the other groups. This indicates that the
consequences of tau phosphorylation in males may persist even after
the treatment period ends.

We also examined the phosphorylation of the AT8 epitope, which
is another phosphorylation site of tau. While no differences were
found among female groups, in males consistently higher levels of
AT8 phosphorylation were observed in all treated males. This suggests
that long-term SIS induces cellular changes that specifically impact tau
folding in males. Furthermore, the observation that males showed
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high levels of phosphorylated PHF1 in the CI-R group indicates a
greater susceptibility to tau aggregation in males. The combination of
phosphorylated epitopes, including both PHF1 and ATS, is known to
induce the pathological conformation of tau observed during AD
development (Jeganathan et al., 2008).

Interestingly, the measurement of total Tau protein levels reveals
a lower amount of total tau protein in PI females, while no changes
were observed in treated males. This data suggests that there are no
significant alterations in protein synthesis, but rather changes in the
phosphorylation level. It indicates that social isolation primarily
affects the post-translational modification of tau protein rather than
its overall synthesis, similar to observed in AD.

These findings highlight the sex-specific differences in the
regulation of tau phosphorylation and suggest that chronic social
isolation can influence tau pathology differently in females and males.
Further research is needed to understand the underlying mechanisms
and the implications of these observations in the context of
neurodegenerative diseases.

4.6. Amyloid-p formation and aggregation

According to the amyloid hypothesis, all the alterations observed
after long-term SIS in both female and male degus will be explained
by increased production and aggregation of AP, peptide. The
amyloid-f is a crucial component of amyloid plaques and has been
associated with various diseases, including AD (Busche and Hyman,
2020). Among the two most common forms, A, is less abundant
than Ap,, and has a higher tendency to aggregate (Pauwels et al.,
2012). In our study, we observed higher levels of AB,, in the chronically
isolated females compared to the other groups. However, during the
re-socialization period, this level became similar to the control group,
suggesting that re-socialization may have a mitigating effect on the
elevated levels of Ap,, in females. In contrast, males exhibited an
increase in AP,, during the re-socialization period, indicating a
specific sensitivity in males during this time. These findings highlight
the potential role of social isolation and re-socialization in modulating
Ay, levels, and suggest that the effects may differ between males and
females. Understanding these gender-specific differences in AP
metabolism and accumulation can provide valuable insights into the
underlying mechanisms of neurodegenerative diseases and may have
implications for the development of targeted interventions.

Additionally, we used two antibodies to target specific Ap forms.
The 4G8 antibody, which targets residues 18-23 of Ap and that also
can detect AP aggregates (AP load), showed steadily and significantly
increased levels of 4G8 in all groups of females. The same was
observed in males. Thus, this antibody appears to be more specific
elucidating differences between groups and indicating that different
degrees of social isolation correlate with the amount of Af load
present in the hippocampus of degus. Surprisingly, re-socialization
was unable to reduce AP, suggesting that it may accumulate
throughout life, possibly because re-socialization is unable to induce
disaggregation of AP oligomers deposits.

We also used the All antibody, which specifically detects
prefibrillar f-amyloid oligomers. Consistently, we observed higher
levels of A11 in all groups of treated females compared to the control
group. Similarly, in males, there was an increase in All levels
particularly high in the CI-R group. These findings suggest that
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different degrees of social isolation are associated with elevated levels
of prefibrillar f-amyloid oligomers. Interestingly, neither females nor
males were able to effectively reduce their amyloid concentrations
during re-socialization, an aspect that suggests amyloid accumulation
throughout life. These observations underscore the potential long-
term consequences of social isolation on amyloid accumulation,
particularly in the prefibrillar f-amyloid oligomer form. The inability
to effectively reduce amyloid levels during re-socialization raises
important questions about the mechanisms underlying amyloid
accumulation and the need for further research to better understand
and address this phenomenon.

Interestingly, housing transgenic APP/PS1 mice with social mates
may lead to an increased release, without a significant deposition of
amyloid plaques (Liang et al, 2019). In these animals, social
interaction activity promotes the clustering of astrocytes around
regions where Af deposition occurs, delaying plaque formation. This
phenomenon is associated with improved cognitive function when
compared to the isolated mice and controls (Liang et al., 2019).
Although these data suggest that AP release alone is not sufficient to
induce plaque formation, it is important to note that these animals are
genetically modified, resulting in significantly higher AP release
compared to wild-type mice. Although not the same microglia
protein, we measured lower levels of Ibal in PI males and CI females.
Furthermore, several species of Ap were detected as a consequence of
long-term SIS treatment, suggesting that Ap release may induce some
degree of neuronal loss in natural animals. Further studies are needed
to clarify this issue.

Finally, and according to previous studies showing that Af and tau
pathology promotes neuronal death (Yao et al., 2005; Dong et al,,
2022), our preliminary data showed a reduction in the cell thickness
of the CAL1 region from the hippocampus in both female and male
groups. Despite that, mature neurons appear not to change in females
but they do it in males after chronic isolation. This also could
be potentiated by the different insults caused by the inflammatory
processes, oxidative stress, bioenergetics defects and accumulation of
other abnormal proteins. A more exhaustive study will be required to
gain a complete visualization of how neuronal viability is affected
during stress paradigms.

Understanding the mechanisms underlying these changes could offer
new avenues for treatment development to slow down or prevent early
onset age-related cognitive decline and neurodegenerative diseases.
Whether the stress induced by early-life social isolation contributes to the
development of an early-aging phenotype or increases susceptibility is still
an area of ongoing research (Silva-Gomez et al., 2003; Lupien et al., 2009;
Pereda-Pérez et al., 2013;Shafighi et al., 2023; Xiong et al., 2023).
Longitudinal studies are required to observe the long-term effects
resulting from early-life causes. A report of younger degus (than the one
used in our studies) isolated from postnatal day 3, agrees that anxiety and
hyperactivity are common behavioral effects of mother separation and,
like in our previous study, anxiety is more expressed in isolated males than
females (Ukyo et al., 2023). In this context, degus serve as an exceptional
animal model to study a problem that affects human beings. Social
isolation induces stress and triggers a cascade of physiological effects.
Moreover, in humans, stress is intertwined with other social determinants
such as education, social status, and access to healthcare. When combined
with physiological characteristics (e.g., comorbidities, physical status) and
lifestyle factors (e.g., food intake, smoking), these elements may
potentially trigger dementia and related conditions (Shafighi et al., 2023;
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Xiong et al., 2023). Additionally, considering the role of sex in stress-
induced isolation or aging opens up new avenues of investigation,
including sex-dependent gene expression, mechanisms for oxidative
stress and inflammation, course of neurodegenerative diseases, and more
(Hua et al., 2010; Bellanti et al., 2013; Ardekani et al., 2016; Koran et al.,
2017; Caruso et al., 2018; Ruiz-Perera et al., 2018; Albert and Newhouse,
2019; Oliva et al., 2020; Bourquard et al., 2023; Martinez de Toda et al.,
2023; Tranchevent et al.,, 2023). Future studies should incorporate these
variables, utilizing a comprehensive approach to explain
physiological responses.

Our study is far from being predictive of the outcomes of long-
term SIS treatment. The notion that the PI animals are less affected
than CI animals, or that all CI-R animals must outperform the
chronically isolated ones, is far from accurate. Biology operates
not-linearly. Furthermore, these effects may involve different brain
regions. Social isolation during the early life stages may have
significant emotional effects impacts that may remain latent until
adulthood. While long-term chronic isolation shifts the physiological
system into a new steady state-other than the short periods of intense
stress—the cyclical pattern of isolation during childhood could
potentially sensitize individuals permanently. For instance, our study
indicates that LTP develops less steadily in PI males compared to
other groups, but becomes significantly lower in CI-R males. In
contrast, LTP in CI males resembled that of CTRL. Conversely, LTP
remained unaffected in females across treatments (Rivera et al.,
2020). These data suggest that the factors that alter the course of LTP
in males occur early in life, but are triggered during emotional
interactions (re-socialization) with peers. Additionally, males
generally display poorer spatial learning performance than females
(Rivera et al., 2020), suggesting that the mechanisms that subserve
this type of cellular plasticity may be more vulnerable in male
subjects. Conversely, early separation had a more pronounced effect
on social memory in females than in males, with the most significant
impact observed in PI females (Rivera et al., 2021). The consequences
of isolation by the recent COVID-19 pandemic remain largely
unseen, but recent reports indicate that young girls (<15years old)
experienced worse mental health outcomes compared to young boys
(Mendolia et al., 2022). Therefore, the cellular mechanisms
underlying spatial learning performance and social/emotional
memory are differentially affected by long-term social isolation, and
the effects are sex-dependent. The effects of SIS during childhood
have also been observed in other studies using different animal
models (Weiss et al., 2004; Ferdman et al., 2007; Fone and Porkess,
2008; Mumtaz et al., 2018).

There is also no reason to expect that CI-R would lead to recovery at
the behavioral, cellular, or molecular level. Strikingly, oxytocin and its
downstream signaling remain persistently altered in multiple brain
regions across all long-term SIS treatments, even though the animals
exhibit recovery from social memory impairment (Rivera et al., 2021).
Our data indicated that behavioral recovery during re-socialization is
more common than recovery at the cellular or molecular level. This
observation suggests that biological systems employ homeostatic
mechanisms to overcome deficits, and would be true at least during
the time period of our study. These findings underscore the need to
consider multiple factors when evaluating different variables and
drawing conclusions.

Altogether this study allows us to conclude that social isolation is
a critical stress factor that affects severely female and male degus,
activating different neurotoxic and neurodegenerative events such as
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inflammation, ATP deficits, ROS overproduction, and oxidative
damage. In addition, considering that degus are a natural model of
AD, long-term SIS also promotes an accelerated apparition of
AD-related markers, such as phosphorylated tau and amyloid
production and aggregation. By understanding the contribution of
environmental stressors experienced early in life to the susceptibility
to the later development of Alzheimer’s neuropathology, this study
may pave the way to more precise treatments and even strategies to
halt or delay the “spread” of this debilitating disease.
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